Research interest in proteomics is increasingly shifting towards the reverse genetic characterization of gene function at the proteome level. In plants, several distinct gene defects perturb photosynthetic capacity resulting in the loss of chlorophyll and an albino or pale green phenotype. Because photosynthesis is interconnected with the entire plant metabolism and its regulation, all albino plants share common characteristics that are determined by the switch from autotrophic to heterotrophic growth. Reverse genetic characterizations of such plants often cannot distinguish between specific consequences of a gene defect from generic effects in response to perturbations in photosynthetic capacity. Here we set out to define common and specific features of protein accumulation in three different albino/pale green (APG) plant lines. Using quantitative proteomics we report a common molecular phenotype that connects the loss of photosynthetic capacity with other chloroplast and cellular functions, such as protein folding and stability, plastid protein import and the expression of stress-related genes. Surprisingly, we do not find significant differences in the expression of key transcriptional regulators suggesting that substantial regulation occurs at the posttranscriptional level. We examine the influence of different normalization schemes on the quantitative proteomics data and report all identified proteins along with their fold-changes and p-values in albino plants in comparison to wild type.
Introduction
Biological systems are designed in a modular fashion and it is one goal of systems biology to unravel the design of such modules, understand their robustness and their interconnection. The modular design includes processes at the metabolic and at the regulatory level with so called regulons constituting one design principle in this hierarchy. Regulons are defined as regulatory entities that comprise sets of genes that are co-regulated under a variety of different conditions, per definition by a common transcriptional regulator (Shen-Orr et al., 2002) . Knowledge about the members of such regulons is very useful because it allows predicting the gene expression response for many genes to a number of different stimuli. The identification of regulons relies on their common transcriptional regulation, but it is unclear in how far regulons are reflected at the proteome level, because protein accumulation cannot be inferred directly from transcript levels.
Large-scale quantitative proteomics is now sufficiently advanced to allow insights into common regulatory processes that constitute quantitative changes in the proteome. Although technical constraints still result in incomplete datasets and a limited number of replicas and different test conditions, workarounds for these constraints were developed and proteomics is now providing a new perspective for the analysis of regulatory units (Vogel and Marcotte, 2012) .
In plant cells, many cellular processes are directly or indirectly connected to photosynthesis.
Plants have developed distinct mechanisms to respond to perturbations in photosynthetic performance both for situations with too much or too little light (Rochaix, 2011) . Similarly, mutations in several different proteins result in an albino/pale green (APG) phenotype, in which photosynthetic functions are perturbed (Myouga et al., 2010) . In such cases it is difficult to distinguish direct consequences of the gene defect from indirect consequences caused by an impairment of photosynthesis, complicating the interpretation of data from a molecular characterization of such mutants. In a study using 101 different plant growth conditions and distinct genetic perturbations, 13 different regulons were defined for nuclear encoded chloroplast proteins and a master switch was postulated that controls the expression of sets of nuclear encoded plastid proteins (Richly et al., 2003; Biehl et al., 2005) . These data were acquired at the transcriptional level, and it is currently unclear whether the regulatory pattern is also reflected at the protein level. Knowledge about co-varying functions at the proteome level is very useful because it allows associating the regulation of individual genes at different levels (transcriptional, posttranscriptional and posttranslational) with that of a group of genes. This way, the interpretation of protein expression data for the characterization of mutant plants increases in accuracy, which is especially relevant for the interpretation of molecular data from mutants with an albino or pale green phenotype.
At present, a differentiated view on the general adaptations of the proteome to the loss of photosynthetic capacity is missing. The expression of genes for photosynthetic proteins is reduced in photosynthesis-impaired plants, which is a result of the coordinated regulation of gene expression in the nuclear and the plastid genomes (Lopez-Juez and Pyke, 2005) . Gene expression in the two genetic systems is coordinated by a number of different regulatory circuits that communicate the developmental and biochemical status of the plastid to the nucleus (Pesaresi et al., 2007; Woodson and Chory, 2008) . Several mutants were identified that lost the connection between the two genetic systems and were therefore termed genome uncoupled (gun). The characterization of the gun mutants supports regulatory switches that determine the accumulation of sets of proteins by plastid-to-nucleus (retrograde) and nucleus-to-plastid (anterograde) signaling (Mochizuki et al., 2008; Woodson and Chory, 2008) .
While the transcriptional regulation of plastid protein expression and the nature of retrograde signaling components are well documented, less is known about the regulation of protein accumulation. The importance of this type of information can be exemplified by the characterization of the ppi2 mutant, which has a defect in Toc159, one important receptor of the plastid protein import machinery (Bauer et al., 2000) . The ppi2 plants develop an APG phenotype that results in their inability to sustain an autotrophic metabolism (Agne and Kessler, 2009; Schleiff and Becker, 2011) . Because Toc159 is a protein import receptor, a naive interpretation of the phenotype would predict that it is caused by an impairment of photosynthesis due to a defect in the import of proteins for photosynthetic functions. However, the transcript profile of the ppi2 mutant alone largely explains the APG phenotype, because the transcript levels for many nuclearencoded plastid proteins including those involved in photosynthesis are down-regulated (Bischof et al., 2011) . This transcriptional response to impaired plastid functions is partially reverted in the gun1/ppi2 double mutant arguing for a retrograde signaling pathway that coordinates the expression of groups of plastid genes with the functional status of the chloroplast that operates via Gun1 (Kakizaki et al., 2009 ).
Materials and Methods

Plant material and growth conditions
Three apg mutants were isolated from transposon-tagged lines as previously described (Myouga et al. 2010) . Wild type, apg1, apg2 and apg3 were grown on germination medium (GM) containing Murashige and Skoog salts and 1% sucrose for 3 weeks in a growth chamber maintained at 22º C, with 16 h light and 8 h dark cycles. In order to eliminate a potential growth bias in the chamber, the mutant and wild type plant were sown at the same time and rotated every 3 days. Pooled samples were gathered from at least 5 dishes.
Protein extraction and in gel tryptic digest
Plant material was frozen in liquid nitrogen and homogenized with mortar and pestle. Proteins were extracted in extraction buffer (40 mM Tris-HCl, pH 6.8, 10% (v/v) glycerol, 4% SDS, 0.01% bromphenol blue) and insoluble material was removed by centrifugation (20 min at 16,000 x g). Approximately 200 µg protein per lane were loaded onto a 10% Tris-Glycine SDS gel (18 cm x 16 cm x 1 mm), and after electrophoretic separation of the proteins the gel was stained with Coomassie. The gel lanes were cut into 15 pieces each. In-gel tryptic digest was performed as previously described (Shevchenko et al., 1996) and peptides were SepPak purified and cleared by centrifugation. After evaporation, dried peptide pellets were stored until further analysis.
Mass spectrometric analysis
Dried peptide pellets were dissolved in 20 µl 2% ACN, 0.1% FA and 2-4 µl were injected into the LC system. The LC gradient was developed from 0-5 min 8% solvent B; 5-90 min 8-40% solvent B; 90-95 min 40-85% solvent B; 95-105 min 85% solvent B; 105-110 min 85-8% solvent B; 110-120 min 8% solvent B at a flow rate of 0.24 µl/min. Mass spectra were acquired on an LTQ ion trap (Thermo Fisher). During the acquisition, cycles of survey scans were followed by four data-dependent scans of the four most abundant peptide peaks. MS data were acquired over the complete LC run (cycle time: 30 ms; scan range: 500-2000 Da; normalized collision energy:
V).
MS data interpretation and protein quantification by normalized spectral counting (nSpC)
The mass spectrometry data were matched to peptides with TurboSequest and PeptideProphet (Keller et al., 2002) searching the TAIR10 protein database (Lamesch et al., 2012) with concatenated decoy database supplemented with contaminants (71,032 entries). The search parameters were as follows: requirement for tryptic ends, 1 missed cleavage site allowed, mass tolerance = ± 3 Da, variable modification of oxidized Met and static modification of carbamylated Cys. Peptide spectrum assignments were filtered for peptide unambiguity in the pep2pro database (Baerenfaller et al., 2011) . Accepting only unambiguous peptides with probability > 0.9 resulted in a spectrum false discovery rate (FDR) of 0.7%. The data are available from the pep2pro website at www.pep2pro.ethz.ch and were uploaded to PRIDE (www.ebi.ac.uk/pride), experiment numbers 27035-27038. Protein quantification was based on normalized spectral counting (nSpC) according to Baerenfaller et al. (2008) , in which the expected number of peptides based on the theoretical tryptic peptides per protein is balanced with the detected number of peptides for any given protein and sample-to-sample variations are eliminated by normalizing to the total number of peptide spectrum matches in the sample: nSpC k : normalized spectral count for protein K Spectra k: measured spectra for protein K (peptide spectrum matches), TTP k : theoretical tryptic peptides of protein K MS: total number of measured spectra in the data set MP: total number of theoretical tryptic peptides of the identified proteins in the data set In some instances, an alternative normalization scheme was used, using only chloroplast proteins for the calculation of total PSM in the sample. Chloroplast proteins were extracted from the dataset using a chloroplast proteome reference table previously described (Reiland et al., 2009) .
Statistical data handling and hierarchical clustering
With the above described normalization procedure, a numerical value that resembles protein abundance can be assigned to every identified protein. We used the data from the three replicates to calculate fold-changes of the mean abundance values for all identified proteins and to calculate p-values with Student's t-test (Welch test). Proteins that are not detected in one or the other sample receive a zero as abundance value. Thus, undetected proteins are treated as
low-abundance proteins because they are represented by a small nSpC value. To distinguish between changed and unchanged protein abundance, we take both criteria -fold-change and pvalue-into account for data interpretation. Hierarchical clustering was performed with the Multi Experiment Viewer (MeV). Prior to clustering, data were LOG2 transformed. Clusters were calculated by average linkage clustering using Pearson correlation as distance metric.
Western analysis
In total, 25 µg protein for every mutant were separated by SDS-PAGE on 10% polyacrylamide gels and were transferred onto polyvinylidene difluoride (PVDF) membranes by semidry blotting. Detection of reacting proteins was done using enhanced chemiluminescence (ECL), and images were obtained by the Fusion Fx7 image acquisition system (Peqlab). Antiserum against Tic40 was purchased from Agrisera, antisera against Toc75 and Toc110 were provided by Prof. F. Kessler (University of Neuchatel, Switzerland) and antisera against FNR and OEC33 were provided by Prof. R. B. Klösgen (University Halle-Wittenberg, Germany). All primary antibodies were detected with horseradish peroxidase-conjugated goat anti-rabbit antibodies (Agrisera).
RT-PCR (Reverse transcriptase-polymerase chain reaction)
Total RNA from 3 week-old seedlings were prepared using the RNeasy Mini Kit (Qiagen) 
Results and Discussion
Quantitative comparison of different albino/pale green mutant plant proteomes
For our comparative proteome analysis, we selected three different plant lines from the collection of "albino and pale green (APG)" mutants at RIKEN (Myouga et al., 2010) (Table 1 ). The apg1 plant has a defect in an MPBQ/MSBQ methyl transferase that has S-adenosylmethioninedependent methylation activity and is involved in plastoquinone and tocopherol biosynthesis.
( Motohashi et al., 2003) . The apg2 line has a defect in the "twin arginine translocon component C (TatC)" that is essential for the import of proteins into the thylakoid lumen via the Tat-pathway (Motohashi et al., 2001; Albiniak et al., 2012) . The apg3 mutant has a defect in the peptide chain release factor that is required for the termination of translation at UAG/UAA stop codons (Motohashi et al., 2007) . Thus the defective genes are involved in different chloroplast functions (Table 1) . As expected for albino/pale green mutants, there is a defect in photosynthesis resulting in the loss of chlorophyll and other pigments and a substantially reduced maximum quantum yield at photosystem II. While apg1 and apg3 mutant plants show residual photosynthetic yield, apg2 is the most severely affected plant with no PSII fluorescence detectable (Table 1 and Fig. 1), which is also visible as the complete absence of any thylakoid-like structures in apg2. With these plants, we performed high-throughput proteomics analyses in three biological replicates using normalized spectral counting for protein quantification. Altogether, 2229, 2566, 2562 and 1660 proteins were identified from apg1, apg2, apg3 and wild type respectively ( Fig. 1 and Supplemental Table S1 ).
The overall number of identified spectra and the number of identified peptides are similar between the samples (Supplemental Table S1 ). Comparing the number of proteins, peptides and spectra identifying chloroplast proteins from the different datasets (Reiland et al., 2009) we find a smaller number of identified proteins that were identified with a higher number of spectra in the wild type plant material ( Fig. 2A ; Supplemental Table S1 ). This demonstrates that the higher detection rate of proteins in the albino mutant plants is owed to the favorable dynamic range of the albino plant proteome that is not dominated by highly abundant photosynthetic proteins. We calculated protein abundance values for proteins that were detected with at least 10 spectra (PSMs) using normalized spectral count quantification (Baerenfaller et al., 2008) . Comparison of the quantitative protein accumulation revealed that the major differences between wild type and the albino proteome are determined by chloroplast proteins (Fig. 2B ). The correlation coefficient between the abundances of chloroplast proteins reaches as low as 0.4, while the lowest correlation between "other" proteins is around 0.62. The greatest difference, i.e. the lowest correlation between the chloroplast proteins from wild type and albino mutants is observed with the apg2 dataset, which corresponds to the finding that the apg2 mutant is the albino plant that is most significantly impaired in photosynthesis (Table 1) . This supports the starting hypothesis of this work, i.e. that the ability to perform photosynthesis largely determines the accumulation of plastid proteins.
The basic assumption in normalization procedures is that the abundance of the majority of proteins is not different between two samples. However, it is conceivable that a proteome analysis using complete cellular proteins may result in the underrepresentation of spectra from chloroplast proteins in albino plants compared to wild type, because photosynthetic proteins make up more mass of the entire proteome in wild type than they do in albinos (Friso et al., 2011) . We find a higher number of spectra identifying chloroplast proteins in wild type, but the differences are rather small ( Fig. 2A) . In order to test whether this difference creates a bias for quantification, we applied a different normalization scheme for protein quantification using only spectra identifying chloroplast proteins. We tested its effect on the statistical evaluation of the data by comparing the p-values from a two-sided t-test and the fold-changes obtained with the two alternative normalization schemes. We found that the differences are minor and that there is only a slight increase in the number of p-values below a 0.05 threshold when only chloroplast proteins are used for normalization (Supplemental Table S2 ). This is most probably a result of the dampening effect exerted by the greater number of unchanged proteins that is taken into account if the normalization is based on all proteins. Thus, our data are largely unaffected by the normalization scheme. However, including more unchanging proteins in the normalization makes the procedure more robust because this is consistent with the underlying basic assumption (see above). Furthermore, restricting the normalization to a selected subset of proteins creates a dependency between the normalized abundance values and the protein selection, which hinders comparisons of the results between studies using different selections. We therefore conclude that a restricted normalization to chloroplast proteins is not useful for the dataset we acquired here. Comparing the quantitative protein accumulation of proteins identified with at least 10 spectra in the three mutant plant lines with wild type, we find a significant number of proteins that show the same trend in all three different mutants despite the different plastid functions that are affected by the gene defects. Together, 315 proteins identified with at least 10 PSMs were identified in all three apg mutants but not in wild type (Supplemental Table S3 ). Quantitative differences were detected for 76 proteins with more than 10-fold and 175 proteins with more than 5-fold higher nSpC values in all three apg plants compared to wild type. A list of all identified proteins with the same trend of accumulation is presented in Supplemental Table S3 . A visual presentation of the common molecular phenotype concerning Metabolism is presented in Fig. 3 (based on MapMan, (Thimm et al., 2004) ). Proteins involved in photosynthesis, chlorophyll synthesis, primary ammonium assimilation and a few other enzymes accumulate to higher levels in wild type, while most other functions, especially proteins of the energy metabolism, accumulate to higher levels in the apg mutants ( Fig. 3 and Supplemental Table S3 ). There is a remarkably increased accumulation of proteins involved in protein degradation in the apg mutants, which is probably caused by a general stress response. Protein folding stress can also be inferred from the increased accumulation of numerous proteins that are responsive to heat stress in the mutants (Supplemental Fig. S1 ). The functional categorization of proteins that accumulate to higher levels in apg mutants supports the bias for stress-induced proteins (Fig. 4) .
As far as chloroplast proteins are concerned, we find 123 plastid proteins that accumulate to higher levels in albino mutants, among them 18 by a factor of more than10-fold and 49 by a factor of more than 5-fold, while 56 plastid proteins were identified in all three apg mutants, but not in wild type. These proteins are enriched in the GO terms amino acid metabolic process, biosynthetic process and protein targeting to chloroplasts (Fig. 4) . Among the latter set of proteins are Toc159, Toc33, Toc75, Toc64, Tic110 and Tic55 (Table 2 and Fig. 5A ). We verified the increased accumulation of Toc75, Tic110 and Tic40 in the apg mutants by immunoblotting in comparison with the largely unchanged OEC33 and FNR (Fig. 5B ). Tic21 and Toc34 were also detected, but their accumulation was only higher in apg2 and apg3 compared to wild type, but not in apg1. This could suggest that the plant cell responds to different perturbations of plastid metabolism with an up-regulation of plastid protein import capacity (Fig. 5A) . Alternatively, the higher nSpC values for Toc and Tic components may indicate that the plastid envelope membrane constitutes a higher fraction of the proteome in apg plants compared to wild type. To distinguish between these possibilities we analyzed the general accumulation of envelope membrane proteins using the AT_Chloro envelope dataset as benchmark (Ferro et al., 2010) .
Fifty-three envelope proteins were identified with at least 10 spectra and considered for quantitative comparison. The mean nSpC values of all but four envelope proteins are higher in apg mutants but their increase in abundance is lower compared to the increase of the import machinery (Supplemental Table S1 and S4). On the one hand, this supports the hypothesis that the envelope membrane proteome has a higher relative abundance in apg mutants compared to wild type but on the other hand shows that the increased accumulation of the import machinery is -at least in part-a specific response to the loss of photosynthetic capacity (Fig. 5C ).
Plastid gene expression is an important housekeeping function and we therefore analyzed the accumulation of proteins from the plastid gene expression system. Plastid encoded proteins cluster in two different clusters with proteins that accumulate to higher levels in the apg mutants and with proteins that accumulate to higher levels in wild type. The latter category is restricted to proteins involved in photosynthesis, while the former group of proteins contains mostly proteins from the plastid gene expression system (Fig. 6 ). Among these are ribosomal proteins and the subunits of the plastid encoded RNA polymerase (PEP). Their higher accumulation in nonphotosynthetic plastids is somewhat surprising because PEP is the polymerase mainly responsible for photosynthetic gene expression (Liere et al., 2011) . The molecular phenotype observed here is consistent with a situation in which PEP transcription is impaired, e.g. similar to the molecular pattern observed in mutants depleted in subunit 3 of the transcriptionally active chromosome (TAC3) (Yagi et al., 2012) . However, most of the subunits of the TAC including TAC3 accumulate to higher levels in apg mutants (Reiss and Link, 1985; Pfalz et al., 2006; Schroter et al., 2010) (Fig. 7) .
The paradox of a high abundance of PEP and TAC subunits (Fig. 7 , Supplemental Table S4 ) and a decreased accumulation of plastid encoded photosynthetic proteins can be explained by either posttranscriptional regulation, a high protein turnover of photosynthetic proteins or the regulation of PEP by nuclear encoded sigma factors (see next paragraph). We have not identified sigma factors in our proteome analysis, but several nucleases involved in plastid RNA metabolism (Stoppel and Meurer, 2012) . The abundances of the endonucleases CSP41 A and B and the polyribonucleotide phosphorylase are identical between mutants and wild type, while an RNaseJ homolog accumulates to higher levels in apg mutants (At5g63420). Furthermore, the abundance of two Clp protease subunits (At4g17040 and At1g02560) is increased by a factor of more than 10 in the apg mutants compared to wild type suggesting increased protein turnover (Fig. 7) .
TAC16 shows a specialized accumulation pattern that is distinct from that of the other TAC subunits in the hierarchical clustering (Fig. 7) . It was previously suggested that TAC16 anchors plastid DNA in the thylakoid membrane (Majeran et al., 2012) , which may explain the decreased accumulation of TAC16 in the apg mutants.
The 40 plastid proteins that accumulate to lower levels in the apg mutants and the 5 proteins exclusively identified in wild type are significantly enriched in photosynthetic proteins, especially those that are involved in the light reactions of photosynthesis ( Fig. 2 and Supplemental Table S1 ). Eleven of these proteins are plastid encoded suggesting that the systematic down-regulation of plastid genes for photosynthetic functions is an important determinant of the common molecular phenotype (see also Fig. 6 ). Consistent with the regulon hypothesis, the nucleus encoded photosynthetic proteins show a high degree of connectivity in the ATTED-II co-expression network (Obayashi et al., 2009) , and 25 of these form a cluster with a correlation higher than 0.8 (Supplemental Fig. S2 ). Furthermore, two important enzymes are among those proteins with higher abundance in wild type chloroplasts, i.e. 9-cisepoxycarotenoid-dioxygenase 4 (AT4G19170) and Mg-protoporphyrin-IX-methyltransferase (AT4G25080). Most Calvin cycle enzymes are not affected by the apg phenotype, in contrast, some of them even accumulate to higher levels in the apg mutants. However, their accumulation pattern shows some differentiation between the mutant plants. For example, the large subunit of RubisC/O is almost depleted from apg3 while it accumulates to near wild type concentrations in apg1 and apg2 (Supplemental Table S1 ).
The proteome characterization revealed co-variance in genes for plastid protein import, stress response and photosynthesis suggesting that their expression is coordinated by some master regulator in response to impaired photosynthesis, i.e. that they constitute regulons. The expression of the plastid genome occurred in two major expression groups (see above) and we therefore asked, whether plastid sigma factors may act as transcriptional master regulators of plastid genome expression, giving rise to the molecular phenotype reported here. Surprisingly, RT-PCR did not reveal significant differences in sigma factor expression between wild type and the albino plant material (Supplemental Fig. S3 ). This was unexpected in light of the differential accumulation of sigma factor target genes. For example, the plastid translation system accumulates to higher levels in the apg mutants while the expression of SIG2 (responsible for the expression of tRNA genes) is largely unchanged. Similarly, despite the decreased accumulation of photosynthetic proteins, SIG1, SIG3, SIG5 and SIG6 are expressed at similar levels in wild type and in the apg mutants. Thus, our data suggest that the accumulation of proteins in the three albino mutants analyzed here is not a direct consequence of sigma factor expression at the transcriptional level and that regulatory processes at the posttranscriptional and posttranslational level determine the accumulation of plastid encoded proteins (Lerbs-Mache, 2011; Turkeri et al., 2012) .
Specific effects of the individual mutations
The protein accumulation data for Calvin cycle enzymes show that despite the existence of a common molecular apg phenotype, there is clearly a differentiation in the expression pattern of some proteins between the different mutants. Thus, the comparative analysis of apg mutant proteomes is not only important for the definition of a common molecular phenotype, but may also be a way towards the identification of more specific processes that are affected by the mutation. We selected proteins that are differentially regulated between wild type and mutant by selecting a 3-fold change cutoff for higher accumulation and a 2-fold change cutoff for lower accumulation of proteins in the mutants compared to wild type and removed all proteins from the dataset that have the same accumulation characteristic in at least one other apg mutant. We furthermore included proteins that were absent from only one apg mutant line, but not from the others and wild type and also included those whose accumulation in one apg line exceeded that in all other apg lines by a factor of at least 2. This left us with a restricted set of proteins for every mutant, which is presented in Table 2 . Two proteins, PSA-E 2 (AT2G20260) and glucose-6-phosphate dehydrogenase (AT5G35790) show "specific" accumulation in two different apg lines. This is possible because they are specifically low in one and particularly high in another apg mutant (Table 2) . Although the proteins in Table 2 sensu stricto are not "specific" for the individual apg lines, their accumulation pattern in one apg mutant deviates from that of all other mutants. We therefore refer to these proteins as "specific" although we are aware that this is not entirely correct.
In the apg1-specific protein set we find several proteins that are involved in transport processes.
APG1 is an envelope protein and it is conceivable that its absence from the envelope membrane affects several other proteins in the envelope sub-proteome. Among these proteins are two components of the plastid protein import machinery Toc34 and Tic21, the dicarboxylate transporter Dit1 and a plastidic glucose transporter. All of these have lower concentrations in apg1 compared to the other albino mutants. Especially the differential accumulation of Dit1 and the glucose transporter is unexpected, because we anticipated that the heterotrophic metabolism is largely similar in non-photosynthetic plants. However the specific absence of two subsequent enzymes of the oxidative pentose phosphate pathway glucose-6-phosphat-dehydrogenase (AT5G35790) and 6-phosphogluconolactonase 3 (AT5G24400) suggests differences in the heterotrophic metabolism in apg1 compared to the other apg mutants. Interestingly, Dit1 is transcriptionally co-regulated with Tic21 (ATTEDII) suggesting a functional connection between these proteins that is currently not understood (Obayashi et al., 2009; Viana et al., 2010) . Further surprising is the accumulation of PSAH in apg1 that reaches beyond wild type levels, despite the otherwise decreased accumulation of thylakoid membrane proteins in apg1. The same holds true for NPQ4 and the proteases FtsH1 and Var2 (Table 2) . Their increased accumulation may be due to elevated light stress in apg1, which seems to be more sensitive to light than wild type and the other mutants (Motohashi et al., 2003) .
The apg2 mutant is most severely affected in photosynthetic performance, and the apg2-specific proteins are therefore enriched in photosynthetic proteins. The "twin arginine translocation (Tat)" pathway delivers important photosynthetic proteins into the thylakoid lumen and a defect in this pathway prevents the assembly of a functional thylakoid membrane system (Motohashi et al., 2001 ). The thylakoid proteins At4g02530 and PSBQ are abundant lumen proteins that specifically fail to accumulate in the apg2 mutant (Table 2) . Probably as a result of the lack of thylakoid membrane assembly, protochlorophyllide oxidoreductase B (PORB) and Lil3 also do not accumulate in apg2. The unknown protein At5g37360 is co-regulated with APG2 at the transcriptional level (ATTEDII), thus its failure to accumulate may indicate that they are functionally connected (Obayashi et al., 2009) . Several proteins accumulate to higher levels in apg2 compared to the other apg lines, among them several unknown proteins (At5g23890, At5g28500, At3g08640) and proteins of the gene expression system (e.g. PEP beta', TAC5, TAC10, RNA-binding protein p67), which may be a compensatory reaction to the failure to accumulate functional thylakoid membranes.
In the set of apg3-specific proteins are two proteins with a function in translation, a 30S ribosomal protein and OVA2 that functions in t-RNA aminoacylation (Berg et al., 2005) . The levels of abundant plastid encoded proteins with a UAG/UAA stop codon are decreased in apg3, probably because plastid translation is less efficient in the absence of the peptide chain release factor (Motohashi et al., 2007) . This is the case for cytochrome-f apoprotein, cytochrome-b6 and for the large subunit of RubisC/O, whose levels are significantly decreased in apg3 compared to the other apg mutants. A defect in the peptide chain release factor predominantly affects photosynthetic proteins that accumulate to high levels in wild type chloroplasts. The expression of proteins for other plastid encoded functions is not affected and proteins of the plastid gene expression system accumulate in apg3 above wild type levels (Fig. 6) . The exact function of the peptide chain release factor and its specific contribution to the expression of plastid genes needs further investigation.
We compared the top 100 co-regulated genes in the transcriptional networks of the three genes that are defective in the apg lines with their specific set of proteins (using ATTED II, Obayashi et al., 2009 ). For APG1, this comparison revealed an unexpected regulatory connection between plastoquinone/vitamin E biosynthesis and protein synthesis and degradation (Table 3 ). The APG1 transcriptional network is significantly enriched for proteins involved in translation and ribosome biogenesis (Table 3) while the specific set of proteins comprises two FtsH proteases. Three proteins are found in both sets, i.e. Tic21, Dit1 and the unknown protein At5g44650 (Table 2, marked with "*"). The latter interacts with YCF3 and functions in photosystem I (PSI) assembly (Albus et al., 2010) . A regulatory link between APG1 and PSI is further suggested by two PSAH subunits that accumulate to high levels in the apg1 background (Table 2 ). APG1 mutant plants lack plastoquinone (PQ) and it is conceivable that redox imbalances at the thylakoid membrane are the reason for the increased expression of some PSI subunits and assembly factors. The APG2 network is enriched for thylakoid membrane organisation and regulation of photosynthesis, which is also reflected at the proteome level (Table 3 ). This link was expected because as TatC subunit, APG2 is crucial for thylakoid lumen functionality and thus, for the light reactions of photosynthesis. The gene network is also enriched for positive regulation of catalytic activity, which is due to thioredoxins. Thus the tight redox balance between the thylakoid lumen and the stroma are reflected in the transcriptional network. The APG3 network is enriched for translation, and partially overlapping with the APG1 network (Table 3) . Notably, NADPHdependent thioredoxin reductase C (NTRC; At2g41680) is present in the co-expression networks of APG1 and APG3 and in the set of APG3-specific proteins (Tables 2 and 3) . NTRC accumulates to high levels in APG3, which is probably a consequence of the regulatory link between translation and redox homeostasis in and around the thylakoid membrane system, as suggested for APG1.
Conclusions
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